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(54) Carbon-doped GaAsSb semiconductor 

(57) A p-type semiconductor is formed of carbon- 
doped gallium arsenide antimonide (GaAsSb:C). Car- 
bon-doped GaAsSb can be fabricated by metalorganic 
chemical vapor deposition (MOCVD) using source mate- 
rials such as triethylgallium or trimethylgallium for Ga; 
tertiarybutylarsine, trimethylarsenic, or arsine for As; tri- 
m ethyl antimony, triethylantimony, or stibane for Sb; and 
carbon tetrachloride, carbon tetrabromide, trimethylgal- 
lium, or trimethylarsenic for C. Molecular beam epitaxy 
(MBE) or metalorganic MBE (MOMBE) can utilize the 
foregoing sources in addition to traditional MBE sources 
such as elemental Ga, As, and Sb. Carbon-doped 
GaAsSb comprises a p-type semiconductor that may 
replace conventional p-type GalnAs in InP-based semi- 
conductor devices where high concentrations of a low 
diffusivity p-type dopant must be incorporated without 
hydrogen passivation effects. If desired, active carbon 
concentrations in excess of 1x10 20 cm"3 can be 
achieved in GaAsSb. Thus, high hole concentration can 
be provided in a p-type semiconductor that is compatible 
with InP-based semiconductor materials. 
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Description 
Technical Field 

The present invention relates to II l-V semiconductor 5 
materials and, in particular, to carbon-doped GaAsSb, 
which is compatible with InP-based semiconductor 
materials and may be used to form a highly doped p-type 
region in electronic devices. 

Background of the Invention 

High speed electronic devices, such as heterojunc- 
tion bipolar transistors (HBTs) fabricated from 1 1 l-V sem- 
iconductor materials, generally require highly doped p- 
type semiconductor regions. At high concentrations, 
however, most p-type dopants tend to diffuse into other 
regions of a multilayer device. Unwanted diffusion of 
dopants results in poor device performance, including 
unstable and unreliable operation. 

For GaAs-based semiconductor devices, carbon is 
known to be an effective p-type dopant that does not 
exhibit significant diffusion. Carbon doping has lead to 
reliable operation of GaAs semiconductor devices with 
regions having high hole concentrations (e.g., s 
10i9cm"3). 

For semiconductor devices based on InP sub- 
strates, the traditional low bandgap material of choice 
has been GalnAs. However, p-type doping of GalnAs, 
whether by metalorganic chemical vapor deposition 
(MOCVD) or molecular beam epitaxy (MBE), has been 
challenging for crystal growers. MOCVD can be used for 
doping GalnAs with zinc, but the highest concentration 
attainable is in the low 10 1 9cm"3 range. Unfortunately, 
zinc can diffuse very rapidly, and the reliability of devices 
with high zinc doping is not known. MBE can be used for 
doping GalnAs with beryllium, but the diffusivity of Be is 
also relatively high. Typically, a thick spacer layer is 
required to alleviate diffusion-related deterioration in 
devices having Be-doped regions. 

GalnAs can be doped with carbon using both 
MOCVD and MBE growth techniques to form a p-type 
semiconductor material. However, carbon-doped 
GalnAs (GalnAs:C), especially when grown by MOCVD, 
exhibits hydrogen passivation that significantly reduces 
the viable hole concentration. This hydrogen passivation 
effect is enhanced by the amount of indium in the mate- 
rial-Gain As with low indium content shows good carbon- 
doping characteristics, nearly identical to GaAs. Unfor- 
tunately, when lattice-matched to InP-based materials, 
GalnAs:C has an indium content of approximately 53% 
and is subject to hydrogen passivation effects. If the layer 
of GalnAs:C is an exposed surface, the passivation 
effects can be reversed by annealing in a nitrogen atmos- 
phere at temperatures & 400 °C. For devices such as 
HBTs, however, where the carbon-doped p* active base 
layer is buried (i.e., is not an exposed surface), re-acti- 
vation by annealing in nitrogen is not a viable technique. 



In view of the foregoing limitations of the prior art, 
there is a need for a low-bandgap semiconductor mate- 
rial that is compatible with InP-based materials and can 
be carbon-doped in concentrations up to approximately 
"lO^ocm" 3 without significant hydrogen passivation 
effects. It is also desirable that such a carbon-doped 
semiconductor material be producible by both MOCVD 
and MBE processes. 

Summary of the Invention 

The present invention comprises a semiconductor 
formed of carbon-doped gallium arsenide antimonide 
(GaAsSb:C). Carbon-doped GaAsSb can be fabricated 
by metalorganic chemical vapor deposition (MOCVD) or 
molecular beam epitaxy (MBE), for example, to produce 
a p-type semiconductor. GaAsSb:C has been grown by 
MOCVD using triethylgallium (TEGa), tertiarybutylarsine 
(TBAs), trimethylantimony (TMSb), and carbon tetra- 
chloride (CCU) as the source materials for gallium, 
arsenic, antimony, and carbon, respectively. Other 
source materials such as trimethylgallium for Ga; arsine 
or trimethylarsenic for As; stibane or triethylantimony for 
Sb; and carbon tetrabromide, trimethylgallium, or tri- 
methylarsenic for C may also be used in combination to 
produce carbon-doped GaAsSb by MOCVD. It is antici- 
pated that MBE or metalorganic MBE (MOMBE) can uti- 
lize the foregoing sources in addition to traditional MBE 
sources such as elemental Ga, As, and Sb. 

Carbon-doped GaAsSb comprises a p-type semi- 
conductor that may replace conventional p-type GalnAs 
in InP-based semiconductor devices where high concen- 
trations of a low diffusivity p-dopant must be incorporated 
in a region of the device without hydrogen passivation 
effects. Active carbon concentrations in excess of 1 x1 0 20 
cm"3 can be achieved in GaAsSb if desired. 

A principal object of the invention is a p-type semi- 
conductor that is compatible with InP-based semicon- 
ductor materials. A feature of the invention is carbon- 
doped GaAsSb. An advantage of the invention is high 
hole concentration in a p-type semiconductor that is 
compatible with InP-based semiconductor materials and 
can be produced using MOCVD and MBE processes. 

Brief Description of the Drawings 

For a more complete understanding of the present 
invention and for further advantages thereof, the follow- 
ing Detailed Description of the Preferred Embodiments 
makes reference to the accompanying Drawings, in 
which: 

FIGURE 1 is a schematic cross section of an exem- 
plary InP-based semiconductor device incorporat- 
ing a region of carbon-doped GaAsSb of the present 
invention. 
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Detailed Description of the Preferred Embodiments 

The present invention comprises a p-type semicon- 
ductor formed of carbon-doped gallium arsenide antimo- 
nide (GaAsSb:C). Carbon-doped GaAsSb can be 5 
fabricated by various methods, such as metal organic 
chemical vapor deposition (MOCVD) or molecular beam 
epitaxy (MBE), for example. GaAsSb:C has been grown 
by MOCVD using triethylgallium (TEGa), tertiarybuty- 
larsine (TBAs), trimethylantimony (TMSb), and carbon w 
tetrachloride (CCI 4 ) as the source materials for gallium, 
arsenic, antimony, and carbon, respectively. The growth 
conditions used in a horizontal MOCVD chamber were 
in the temperature range of 500-600°C and 70 torr oper- 
ating pressure. These materials and conditions were is 
selected based on previous experience in the growth of 
InP-based heterojunction bipolar transistors (HBTs) by 
MOCVD. Other source materials such as trimethyigal- 
lium for Ga; arsine or trimethylarsenic for As; stibane or 
triethylantimony for Sb; and carbon tetrabromide, tri- 20 
methylgallium, or trimethylarsenic for C may also be used 
in combination to produce carbon-doped GaAsSb by 
MOCVD. It is anticipated that MBE or metalorganic MBE 
(MOMBE) can utilize the foregoing sources in addition to 
traditional MBE sources such as elemental Ga, As, and 25 
Sb. 

Using MOCVD, careful control of the As/Sb ratio in 
the gas phase is required to achieve a GaAsSb compo- 
sition that is compatible with InP. Since arsenic deposits 
preferentially over antimony, a larger gas phase concen- 30 
tration of TMSb is generally needed. The addition of CCI 4 
can cause a lower growth rate and change in the com- 
position relative to undoped or n-type doped GaAsSb 
material. Upon the addition of CCI 4 , the GaAsSb com- 
position skews toward As-rich, requiring a reduction in 35 
the TBAs gas phase concentration to maintain the cor- 
rect composition. 

InP-Based Semiconductor Devices 

40 

InP-based semiconductor materials comprise a 
family of related materials that may be grown epitaxial ly 
on an InP substrate. InP-based materials generally 
include InP, Ga x ln.|. x As, GaxIn-^ASyP^y, AljJn^As, 
GaASxSb^, GaJn^ASySb^y, AlAs^b^, GaPxSb^x, 45 
and AlxGa^xASySbi.y The ternary and quaternary InP- 
based materials can be grown such that their composi- 
tions result in crystal structures having a lattice param- 
eter matching that of InP (i.e., lattice matched materials). 
These compositions, however, can also be fabricated so 
with lattice parameters that differ significantly from that 
of InP 

Carbon-doped GaAsSb comprises a p-type semi- 
conductor that may replace conventional p-type GalnAs 
in InP-based semiconductor devices where high concen- ss 
trations of a low diffusivity p-dopant must be incorporated 
without hydrogen passivation effects. If desired, active 
carbon concentrations in excess of 1x102° cm"3 can be 
achieved in GaAsSb. 



Carbon-doped GaAsSb is useful, for example, as a 
p-type layer in lll-V compound semiconductor HBTs, 
which may comprise n-p-n or p-n-p devices as is well 
known in the art. As examples, an n-p-n HBT 10 is illus- 
trated in schematic cross section in Figure 1 and an alter- 
native p-n-p HBT 30 is illustrated in Figure 2. HBTs 10 
and 30 are formed on an InP substrate 12 and include 
contacts 14, 16, and 18 for an emitter, a collector, and a 
base, respectively. In n-p-n HBT 10, which is described 
and illustrated as an exemplary embodiment (not a lim- 
itation), a collector contact (subcollector) layer 20, a col- 
lector layer 22, a base layer 24, an emitter layer 26. and 
an emitter contact layer 28 are deposited epitaxially on 
InP substrate 12 as illustrated in Figure 1. Emitter layer 
1 6 and collector layer 22 may comprise lightly doped (n~) 
InP or InAIAs, for example. Contact layers 20 and 28 may 
comprise heavily doped (n*) GalnAs or GaAsSb, for 
example. Heavily doped base layer 24 (p*) is fabricated 
from carbon-doped GaAsSb of the present invention, 
which replaces p-type GalnAs that is used in the prior 
art. By replacing p* GalnAs of the prior art with carbon- 
doped p* GaAsSb of the present invention, high concen- 
trations of a low diffusivity p-type dopant can be incorpo- 
rated without hydrogen passivation effects. Base layer 
24 may be fabricated of GaAsSbiC using the MOCVD 
growth techniques described above, as well as other 
crystal growth techniques such as MBE and MOMBE. 

An advantage of the present invention is that InP- 
based semiconductor devices can be fabricated using 
well-known MOCVD techniques, achieving active car- 
bon concentrations in GaAsSb in excess of 1 x10 2 <> cm~3 
if desired. Because the active base layer in an HBT, for 
example, is a buried junction, bounded above and below 
by the emitter and collector, respectively, nitrogen -ambi- 
ent annealing as used to reverse hydrogen passivation 
effects in an exposed, prior art GalnAs:C layer is not an 
effective technique. Thus, carbon-doped GaAsSb of the 
present invention is a superior semiconductor material 
for InP-based HBTs, especially when fabrication by 
established MOCVD techniques is desired. 

Claims 

1. An InP-based semiconductor, comprising: 

a layer (1 2, 20, 22) of InP-based semiconduc- 
tor material; and 

an epitaxial layer (24, 42) of carbon-doped 
GaAsSb deposited atop said layer (12, 20, 22) of 
InP-based material. 

2. The InP-based semiconductor of Claim 1, wherein 
said layer of InP-based semiconductor material 
comprises an InP substrate (12) and said carbon- 
doped GaAsSb is deposited as an epitaxial layer 
(24, 42) on said InP substrate (12). 

3. The InP-based semiconductor of Claim 1, further 
comprising: 

an InP substrate (12); 
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said layer of InP-based semiconductor mate- 
rial deposited as an epitaxial layer (20, 22, 42) on 
said InP substrate (12); and 

said carbon-doped GaAsSb deposited as an 
epitaxial layer (24, 44) on said layer of InP-based s 
semiconductor material (20, 22, 42). 

4. The InP-based semiconductor of Claim 1, further 
comprising: 

an InP substrate (12); 10 
a first layer (20, 22) of n-type InP-based sem- 
iconductor material deposited on said InP substrate 
(12); 

said carbon-doped GaAsSb deposited as a 
p-type layer (24) on said first layer (20, 22) of n-type is 
InP-based semiconductor material; and 

a second layer (26) of n-type InP-based sem- 
iconductor material deposited on said p-type layer 
(24) of carbon-doped GaAsSb. 

20 

5. The InP-based semiconductor of Claim 1 , wherein 
said layer (12, 20, 22, 42) of InP-based semiconduc- 
tor material is selected from the group of materials 
consisting of InP, Ga x lni. x As, Gaxln^ASyPi-y, 
Al x ln.|_ x As, GaAs x Sb-|. x , Gaxln^ASySbvy, 25 
AlASxSb^x, GaPxSb^x, and A^Ga^ASySb^ 

6. The InP-based semiconductor of Claim 1 , further 
comprising: 

an InP substrate (12); 30 
said layer of InP-based semiconductor mate- 
rial deposited as a first n* epitaxial layer (20) on said 
InP substrate (12); 

a first n" epitaxial layer (22) of InP-based 
semiconductor material deposited on said first n* 35 
layer (20); 

said carbon-doped GaAsSb deposited as a 
p* epitaxial layer (24) on said first n" layer (22); 

a second n" epitaxial layer (26) of InP-based 
semiconductor material deposited on said p* layer 40 
(24) of carbon-doped GaAsSb; and 

a second n f epitaxial layer (28) of InP-based 
semiconductor material deposited on said second 
n" layer (26). 

45 

7. The InP-based semiconductor of Claim 1, wherein 
the semiconductor is an n-p-n HBT device (10) com- 
prising: 

an InP substrate (12); 

said layer of InP-based semiconductor mate- so 
rial deposited as an n* collector contact layer (20) on 
said InP substrate (12); 

a collector layer (22) of n" InP-based semi- 
conductor material deposited on said n* collector 
contact layer (20); 55 

said carbon-doped GaAsSb deposited as a 
p* base layer (24) on said n" collector layer (22); 

an emitter layer (26) of n~ InP-based semi- 
conductor material deposited on said p* base layer 



(24) of carbon-doped GaAsSb; and 

an emitter contact layer (28) of n* InP-based 
semiconductor material deposited on said n" emit- 
ter layer (26). 

8. The InP-based semiconductor of Claim 1, wherein 
the semiconductor is a p-n-p HBT device (30) com- 
prising: 

an InP substrate (12); 

said carbon-doped GaAsSb deposited as a 
p* collector contact layer (40) on said InP substrate 
(12); 

said layer of InP-based semiconductor mate- 
rial deposited as a p" collector (42) layer on said p* 
collector contact layer (40); 

a base layer (44) of n* InP-based semicon- 
ductor material deposited on said p" collector layer 
(42); 

an emitter layer (46) of p InP-based semi- 
conductor material deposited on said n* base layer 
(44); and 

an emitter contact layer (48) of p* InP-based 
semiconductor material deposited on said p" emit- 
ter layer (46). 

9. The p-n-p HBT (30) of Claim 8, wherein said collec- 
tor layer (42) comprises a p~ carbon-doped GaAsSb 
layer. 

10. The p-n-p HBT (30) of Claim 9, wherein said emitter 
contact layer (48) comprises a p* carbon-doped 
GaAsSb layer. 
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